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Abstract
A proposal for the neutrino mass, based on neutrino-scalar field
interaction, is introduced. The scalar field is also non-minimally cou-
pled to the Ricci scalar, and hence relates the neutrino mass to the
matter density. In a dense region, the scalar field obeys the Z2 symme-
try, and the neutrino is massless. In a dilute region, the Z2 symmetry
breaks and neutrino acquires mass from the non-vanishing expectation
value of the scalar field. We consider this scenario in the framework
of a spherical dense object whose outside is a dilute region. In this
background, we study the neutrino flavors oscillation, along with the
consequences of the theory on oscillation length and MSW effect. This
preliminary model may shed some lights on the existing anomalies
within the neutrino data, concerning the different oscillating behavior
of the neutrinos in regions with different densities.
1 Introduction
It has been almost 60 years since the idea of massive neutrinos and their
oscillations has been proposed [1–8]. While the idea is well established and
experimentally confirmed, some anomalies and data are still out there, wait-
ing for proper explanations. Among these, the 2σ level difference between
∆m2 values measured for the solar and Earth experiments [9,10], and the de-
tection of νe excess in the νµ beam by LSND [11] and MicroBooNE [12,13],
are the ones which motivate people to construct new models or to complete
the old ones. Though there are many models which can remove some of the
above-mentioned problems [14–17], they involve CPT and Lorentz violation,
or predict the existence of a new sterile neutrino not yet been shown up in
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the experiments and which is heavily constrained by the theoretical and
experimental considerations [18–20]. It is possible that both of the above-
mentioned anomalies are due to different neutrino masses in various envi-
ronments. The main motivation for the idea of matter density dependent
neutrino mass, is the difference between environmental densities in which
the neutrino oscillations have taken place. As for the Sun and the Earth,
we have
ρmean
S
ρmean
E
≃ 0.2, and in many situations the observed neutrinos have
passed through mediums with drastically different densities. The influence
of matter density on neutrino oscillation via the weak interaction, is consid-
ered in the MSW (MikheyevSmirnovWolfenstein)effect [21–23] within which
neutrino physics is affected by the local electron density. The effect of some
non-standard interactions on neutrinos oscillation has also been studied in
the literature [24,25].
A MSW like effect due to the neutrino interaction with an exotic scalar
field, is discussed in [26], where the scalar field gives an effective mass to the
neutrinos. In [27], based on neutrino interaction with a long rage scalar field
in the context of string theory, a model for neutrinos oscillation is proposed.
The possible role of scalar fields as the dark energy, and the comparability of
the dark energy density scale and the neutrino mass splitting, inspired peo-
ple to develop models comprising neutrino-scalar field interactions [28, 29].
Neutrino-scalar field coupling is also studied in mass varying neutrino mod-
els, in which the transition of neutrinos from relativistic to non-relativistic
phase, by affecting the effective quintessence potential, gives rise to the Uni-
verse’s late time acceleration, [30,31].
In this paper we relate the neutrino mass, and consequently the neu-
trino oscillation, to environmental matter density, via its interaction with
a scalar field which is non-minimally coupled to the Ricci scalar [32]. Such
non-minimal couplings are vastly studied in the literature in the context
of inflation and late time acceleration. This coupling, implicitly, provides a
relation between neutrino oscillation and matter density. We assume a Z2
symmetry for the scalar field section, which is spontaneously broken when
the matter density decreases, this scenario somehow resembles the sym-
metron model discussed in [33–39]. The interaction between the scalar field
and the neutrinos and its coupling to the curvature, can lead to different re-
sults from the previous studies of the neutrino-scalar interaction [27,40–43].
In section 2, we introduce the model and derive analytic solutions for the
scalar field and then study the neutrinos oscillation. We also point out to
the influence of the new interaction on the MSW effect. Finally, in the con-
clusion, we conclude and discuss our results through a numerical example.
We adopt the natural units ~ = c = 1 and the metric signature (−,+,+,+).
2
2 Non-minimally coupled scalar field, neutrino mass,
and symmetry breaking
Our model is specified by the action
S =
∫
d4x
√−g[M
2
PR
2
− 1
2
gµν∂
µφ∂νφ− V (φ) − ǫR
2
φ2 + κiφ
2νiνi
−iνiγαDανi + L(Ψ, gµν)], (1)
where φ is the scalar field whose potential is V (φ), andMP ≃ 2.4×1018GeV
is the reduced Planck mass. νi denotes ith neutrino whose mass depends on
φ. L(Ψ, gµν) is the matter Lagrangian density (comprising ordinary and dark
matter). φ is also non minimally coupled to the Ricci scalar. So the scalar
field interacts with non-relativistic matter via the nonminimal coupling to
the Ricci scalar, and also with the neutrino via its mass term. In this way
we plan to relate the neutrino mass to the matter density and the symmetry
breaking procedure.
The non-minimal coupling term may be related to the requirement that
the theory be renormalizable in first loop corrections. Such a coupling has
also been employed to study the inflation and the late time cosmic accelera-
tion. Introducing new scalar degrees of freedom in the gravitation equations
may violate the equivalence principle [45]. In regions where the scalar field
is highly screened, this violation may not be detected by local gravitational
tests. The source of the scalar field in (1), is the the trace of the energy
momentum tensor, so its universal coupling to matter components implies
the weak equivalence principle (WEP) [34]. However as we will discuss, in
the end of this subsection, WEP can be violated for astrophysical extended
objects in screening models [45,46].
The neutrino mass term, i.e. κiφ
2νiνi is φ dependent. Although this term
may be considered as a phenomenological interaction(like other phenomeno-
logical interactions between the exotic scalar field with dark matter, sterile
neutrinos and so on, considered in the literature), but may also has root
in more fundamental theories. In [30, 47], based on seesaw mechanism, a
neutrino mass section in the Lagrangian is considered:
Ln.m. =Mij lLiνRjH + 1
2
Mji(φ)ν¯
c
RjνRi + h.c., (2)
where νR is the right handed sterile neutrino whose mass depends on the
exotic scalar field φ: Mji(φ) =
Mji
f(φ) . lL and H denote left handed lepton and
Higgs doublets. < H > Mij is the Dirac mass. By integrating the sterile
neutrinos, a φ dependent mass, proportional to f(φ), will be generated for
other neutrinos through a dimension-5 operator (for details see [47]). In our
model f(φ) = φ2, which respects the Z2 symmetry. By another way in [48],
it was explained how this mass term can arise from a higher-dimensional
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operator in supergravity models. Regarding the naturalness of the model,
radiative instability of the scalar degrees of freedom is a well-known result
of Coleman-Weinberg mechanism [49]. The φ−Higgs coupling can produce
loop corrections to 〈φ〉 [50], hence making the model unnatural unless a
new mechanism, like supersymmetry, cancels the contributions towards the
Higgs vacuum expectation value. The scalar-neutrino interaction term also
introduces quadratically divergent corrections towards the scalar mass which
leads to upper bounds on the scale of new physics associated with neutrinos
[30, 51]. The details of such bounds are model dependent and are beyond
the scope of this paper.
By varying the action with respect to the metric, we obtain the Einstein’s
equation
M2PGµν = T
(m)
µν + T
(ν)
µν + ǫ(gµν✷−∇µ∇ν +Gµν)φ2 + ∂µφ∂νφ
−1
2
gµν∂σφ∂
σφ− gµνV (φ) + gµνκiφ2νiνi. (3)
By taking the trace of (3), we arrive at
R = −
T (m) + T
(φ)
eff.
M2P
, (4)
where R is the Ricci scalar, T (m) = T
(m)µ
µ , and we have defined T
(φ)
eff. as
T
(φ)
eff. := ǫ(3✷−R)φ2 − ∂µφ∂µφ− 4V (φ) + 4κiν¯iνiφ2. (5)
In the following, we assume that Tm ≫ T φ, such that R ≃ ρ(m)
M2
P
, i.e. the
main contribution in the curvature is coming from the matter whose energy
density is much larger than its pressure.
Varying the action with respect to the scalar field, gives
✷φ− V,φ − ǫ
M2P
ρ(m)φ+ 2κiν¯iνiφ = 0. (6)
The metric is assumed to be mainly determined by a spherical source with
mass M , with a constant density ρ, and radius r0, whose inside
ρr2
M2
P
≪ 1
holds, while, for the outside, we have M
M2
P
r
≪ 1. Hence it is safe to take ✷
the same as its form in the Newtonian limit [34].
We consider the Higgs like potential
V (φ) = V0 − µ
2
2
φ2 +
λ
4
φ4, (7)
where V0 is a constant. Therefore, provided that 4κiν¯iνi ≪ µ2, (6) reduces
to
d2φ
dr2
+
2
r
dφ
dr
= (
ǫ
M2P
ρ(m) − µ2)φ+ λφ3. (8)
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We define the critical density, ρc, by
ρc =
M2Pµ
2
ǫ
(9)
For ρ(m) ≥ ρc, the Z2 symmetric effective potential defined by
Veff. = V0 +
1
2
(
ǫ
M2P
ρ(m) − µ2)φ2 + λ
4
φ4, (10)
has a minimum at φ = 0, Veff.(φ = 0) = V0. For ρ
(m) < ρc, minimum occurs
at one of the points φb = ±
√
µ2
λ
(1− ρ(m)
ρc
). If in the whole region, the matter
density was larger that the critical density, the solution of (8) would become
φ = 0, implying a zero mass for neutrinos.
Now let us assume that the region is divided into two parts with different
densities: ρ(m)(r < r0) = ρin > ρc, and ρ
(m)(r > r0) = ρ
(m)
out < ρc. For this
configuration the continuous solution of (8), around the minimum, which is
regular at r = 0 is
φ(r) =
{
A
r
sinh(minr) r ≤ r0
φb +
B
r
e−moutr r0 ≤ r,
(11)
where the mass is given by m2 =
d2Veff.
dφ2
, evaluated at the minimum of the
effective potential. Hence min =
√(
ρin
ρc
− 1
)
µ, andmout =
√
2
(
1− ρout
ρc
)
µ.
φb is the asymptotic value of φ, and if ρout ≪ ρc, then φ2b = µ
2
λ
. Continuity
of φ and its derivative at r = r0 implies
A =
φb(1 +moutr0)
mincosh(minr0) +moutsinh(minr0)
B = −emoutr0φb minr0 − tanh(minr0)
min +mouttanh(minr0)
(12)
By assuming minr0 ≫ 1 and moutr0 ≪ 1, which result in the screening
inside the source object and a long range force outside it, the solution of the
scalar field can be simplified to:
φ(r) =
{
φb
mincosh(minr0)
sinh(minr)
r
r<r0
φb − φb minr0−tanh(minr0)minr e−mout(r−r0) r0<r
(13)
This shows that the neutrino mass evolves from κi
φb
cosh(minr0)
≪ κiφb near
the origin in the dense region, to κiφb at r ≫ r0 in the outside rare region.
This is due to the symmetry breaking. Note that the change of the matter
density changes the profile of the effective potential outside the spherical
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object. We remind that if the matter density did not cross the critical density,
the neutrino would remain massless.
In derivation of the solutions, we have required that three main inequali-
ties hold: 4κiνiνi ≪ µ2, ρr
2
M2
P
≪ 1 and ρc < ρin. To know the allowed regions
in the parameter space, we note that
ρr20
M2
P
≪ 1 guaranties both ρr2
M2
P
≪ 1
inside, and M
M2
P
r
≪ 1 outside the source. The allowed regions are depicted
in figures (1), and (2).
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Figure 1: Regions allowed by 4κiνiνi ≪ µ2 (up) and ρr
2
0
M2
P
≪ 1 (down).
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Figure 2: Allowed range of parameters by ρc < ρ
Note that (6) implies a new force mediated by the scalar field. For two
test point masses located at r1 and r2, and for a light scalar field, i.e. µri ≪ 1,
the ratio of this force to the Newtonian gravitational force is derived as
Fφ
FN
= 2ǫ2 φ(r1)φ(r2)
M2
P
. In dense regions where ρ > ρc we have < φ >= 0,
implying Fφ = 0. In regions where ρ < ρc, but ǫ
2φ(r1)φ(r2) ≪ M2P , this
force is negligible with respect to the gravitational force. Following the steps
of [34], (by replacing 1
M2
in [34] with ǫ
M2
P
), we find that an extended object
with spherically symmetry is screened at distances r0 ≪ r ≪ µ−1, provided
that 6ǫΦ ≫ 1, where Φ is the gravitational potential at the surface of our
source object, e.g. for the sun this gives ǫ > 106 [34].
Before ending this subsection, let us note that in the screening models
there is the possibility that WEP be violated in the macroscopic level. This
lies on the fact that extended objects, with different internal compositions,
fall at different rates in a gravitational field. Typically, one can introduce
a scalar charge, Q ∼ M(1 − M(rs)
M
), in which M is the total mass of the
source object and M(rs) is the amount mass embedded inside the screening
radius [46]. This scalar charge enters the right hand side of equation of
motions for objects, and since rs is different for various objects, i.e. some are
totally screened and some are not screened at all etc., it leads to violation of
WEP [46]. However, in the basic model represented here, we take the source
object’s densities to be of the step-function form and as a result, rs is either
the radius of the object in which case Q = 0 or it is zero, which leads to a
Q that is independent of internal structure.
7
2.1 Neutrino flavor oscillation
A result of taking mass for neutrinos is the flavor changing effect. A neutrino
of flavor α, denoted by να, may be written in terms of the mass eigenstates,
denoted by νi, as
να(ra) =
∑
i
Uαiνi(ra) (14)
where U is the PMNS (Pontecorvo-Maki-Nakagawa-Sakata) mixing matrix
[4]. Using νi(ra) = e
−i
∫ ra
r∗
pµdx
µ
νi(r∗), for |~p| ≫ m, the probability to detect
a neutrino of flavor β at rb from a neutrino of flavor α at ra is
Pα→β = |〈νβ(rb)|να(ra)〉|2
=
∑
i,j
U∗βiUαiUβjU
∗
αje
−iΦij (15)
where
Φij =
∫ rb
ra
∆m2ij
2E0
dr, (16)
and ∆m2ij = m
2
i −m2j . (15) may be written as
Pα→β = δαβ − 4
∑
i>j
Re(U∗βiUαiUβjU
∗
αj) sin
2(
Φij
2
)
+ 2
∑
i>j
Im(U∗βiUαiUβjU
∗
αj) sin(Φij) (17)
For a model with two mass eigenstates and two flavour picture, we have
U =
[
cos θ sin θ
− sin θ cos θ
]
and consequently (17) takes the simple form
Pα→α = Pβ→β = 1− sin2(2θ) sin2(Φ21
2
)
Pα→β(6=α) = sin
2(2θ) sin2(
Φ21
2
) (18)
Using (16) and (1), we find out that the oscillation phase from ra to rb,
Φij, is determined by
Φij =
∆κij
2
2E0
∫ rb
ra
φ4dr (19)
where ∆κ2ij = κ
2
i − κ2j . For (ra < r0, rb < r0), we find
Φij =
∆κ2ij
2E0
(I(rb)− I(ra)) (20)
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while for (ra > r0, rb > r0), we have
Φij =
∆κij
2
2E0
(J(rb)− J(ra)) (21)
and finally, for (ra < r0, rb > r0) we obtain
Φij =
∆κij
2
2E0
(J(rb)− I(ra)) , (22)
where
I(r) =
A4
24r3
( (
8m2inr
2 + 4
)
cosh (2minr) +
(−8m2inr2 − 1) cosh (4minr)
−16Shi (2minr)m3inr3 + 32Shi (4minr)m3inr3 + 4 sinh (2minr)minr
−2 sinh (4minr)minr − 3
)
, (23)
and
J(r) =
1
3r3
(
36Ei (1, 2moutr)φb
2B2moutr
3 − 54Ei (1, 3moutr)φbB3mout2r3
+32Ei (1, 4moutr)B
4mout
3r3 − 8B4
(
m2outr
2 − 1
4
moutr +
1
8
)
e−4moutr
+18
(
moutr − 1
3
)
B3φbre
−3moutr − 18e−2moutrφb2B2r2
+3φb
4r4 − 12φb3BEi (1,moutr) r3
)
. (24)
In the above, the Shi function and the exponential integral function, Ei, are
given by Shi(z) =
∫ z
0
sinh t
t
dt and Ei(1, z) = − ∫∞
−z
e−t
t
dt. I(r) and J(r) have
the following limit values
lim I(r) = A4
{
−m2in6r exp(4minr) minr≫ 1
m4inr minr≪ 1
(25)
and
lim J(r) =
{
φ4br moutr ≫ 1
− B4
3r3
moutr ≪ 1
(26)
Φij ∝ (rb − ra) happens only for two situations: If {ra < r0, rb <
r0, minra ≪ 1, minrb ≪ 1}, then we obtain Φij = ∆κ
2
ij
2E0
A4m4in (rb − ra),
similarly for {ra > r0, rb > r0, moutra ≫ 1, moutrb ≫ 1} we find Φij =
∆κ2ij
2E0
φ4b (rb − ra). The behavior of the phase is different in other cases. For
example, for {ra < r0, rb > r0, minra ≪ 1, moutrb ≫ 1} we find Φij =
∆κ2ij
2E0
(
φ4brb −m4inra
)
, and for {ra < r0, rb > r0, minra ≫ 1, moutrb ≪ 1}
we find Φij =
∆κ2ijφ
4
b
2E0
(
8
3ram2in
exp(4minra)− r
4
0
3r3
b
)
.
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Note that the oscillation length L0, defined as the distance at which a
complete cycle of oscillation happens i.e. Φij = 2π, only in situations where
Φij ∝ (rb − ra), is a constant, but generally it is position dependent. E. g.
for {ra < r0, rb < r0, minra ≪ 1, minrb ≪ 1}, Φij = 2π gives
L0 =
4πE0
∆κ2ijA
4m4in
, (27)
while for {ra < r0, rb > r0, minra ≪ 1, moutrb ≫ 1}, we have
L0 = rb − ra =
(
m4in
φ4b
− 1
)
ra +
4πE0
∆κ2ijφ
4
b
, (28)
which depends on ra.
2.2 Neutrino-scalar coupling and MSW effect
So far we have studied the effect of neutrino-scalar coupling on the neutrino
oscillation. But neutrinos (at least active neutrinos) have also weak inter-
action which may affect their oscillations. During their travels in a dense
medium such as the earth and sun, etc., neutrinos may interact with other
particles. The influence of such a no-flavor-changing scattering on neutrino
oscillation is discussed in the context of the MSW effect [23]. Based on the
fact that electron-neutrino, νe, has an additional charged current interaction
with electrons, compared to other lepton-neutrinos, an additional potential
term in νe − νe sector is added to the Hamiltonian in the flavor basis. After
some manipulation one can obtain
H =
∆m2
4E
[− cos 2θ +A sin 2θ
sin 2θ cos 2θ −A
]
(29)
where
A = ±2
√
2GFNeE
∆m2
(30)
originates from the elastic scattering potential Ve = ±
√
2GFNe, where GF
is the Fermi constant, and Ne is the electron density. we consider only two
mass eigenstates and ∆m2 = m21−m22. In regions of high electron density, A
dominates the vacuum Hamiltonian, therefore the diagonal elements become
more relevant and we get mixing suppression. For A ≃ cos 2θ a resonant en-
hanced oscillation is resulted. Finally, in dilute environments, A is negligible
and we get the ordinary oscillation. In our model ∆m2 is position depen-
dent and from screening mechanism, we expect to have < φ >→ 0 in dense
regions where ρ > ρc. In these regions, if filled with ordinary matter, we
expect to have large electron density such that A becomes dominant in the
Hamiltonian and the mixing oscillation is suppressed. In contrary in dilute
regions, i.e. ρ < ρc, due to the spontaneous symmetry breaking , < φ > 6= 0,
and we may have resonance and ordinary oscillation.
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3 Results, discussions and conclusion
We proposed a simple model in which the local matter density has a crucial
effect on neutrino oscillation. This effect is established by a scalar field cou-
pled simultaneously to the Ricci scalar and to the neutrinos (see (1)). We
assumed that the model has a Z2 symmetry (see (1) and (7)) which, when
matter density becomes less than a critical value, spontaneously breaks. This
means that 〈φ〉 ≃ 0, inside a dense region, while 〈φ〉 = φb 6= 0 in a dilute
medium. We considered a high density spherical object with a rare environ-
ment outside. The analytical scalar field solution for this configuration was
obtained (see(11)). This solution shows that the mass of the neutrino evolves
from zero, deep inside the object, to an asymptotic value far away. Using
the solution (11) , we obtained the neutrino oscillation phase (see(19-22)).
In our model, the oscillation length is not generally a constant and is posi-
tion dependent (see discussion after (26)). In the last part we briefly pointed
out to the possible influence of scalar field-neutrino coupling on MSW effect
(see(29)) and showed that in the dense region as the neutrino mass tends
to zero, the mixing oscillation reduces while in rare regions we may have
resonance and ordinary oscillations.
To get more intuition about the results, we illustrate our model with a
simple numerical example. We pick the numeric values µ2 = 10−24eV 2, λ =
10−36, ρin = 2 × 1020eV 4, mout ≃
√
2µ, r0 = 7 × 108m, ∆κ212 = 8.8 ×
10−29eV −2, and ǫ = 1015. The chosen number for ǫ is consistent with the
limit coming from the screening models (see the notes before subsection
2.1). These numbers imply min = 4 × 10−10eV and mout = 1.4 × 10−12eV .
ρ and r0 are intentionally set close to the Sun’s average density and radius
respectively [55]. The chosen ǫ gives ρc ≃ 1015eV 4 = 9.35 × 10−7g/cm3. In
our formalism, ρc must be much less than the interior density and much
larger than the outside density. Our choice is consistent with the limits for
interplanetary matter density in the solar system obtained in [56]: e.g. at
the earth’s orbital, ρm < 1.4 × 10−19gr/cm3 ≪ ρc .
We depict ∆m2 and φ(r) for a typical solar neutrino energy scale of
2MeV in figures (3), and (4) respectively. Figure (3) shows that ∆m2 takes
extremely small values as we move closer to the center, with the maximum
value 3 × 10−26eV 2 right at r = r0, hence the oscillations inside the object
are extremely small. Moving further apart, ∆m2 reaches a limiting value
∆m2 = ∆κ212
µ4
λ2
= 7.4 × 10−5eV 2. Regarding the scalar field, it takes a
negligible value deep inside the object and reaches φ ≃ 106eV far away.
It is notable that the limiting value of ∆m2 is extremely close to the
LMA (large mixing angle)solution of solar neutrino data [9]; regarding the
missing angle, the vanishing of < φ > and the resulting suppression of mixing
in the dense regions (as was discussed in the previous section) suggests
that the dominant share in the flavour change comes from non-oscillatory
probability sin θ12
2. The matching angle is similar to those of LMA solution,
11
i.e. θ ∼ 33◦ [9].
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Figure 3: ∆m2 as a function of distance inside(up) and outside(down) of a
spherical object with radius r0 = 7× 108m. Note that 1min ≃ 3× 105m and
1
mout
≃ 1.2× 106m.
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Figure 4: The scalar field in units of eV , inside(up) and outside(down).
As an outlook, one can study whether φ is the quintessence dark en-
ergy. In our model, during the cosmological evolution, φ becomes operative
12
when ρm < ρc, while for ρm > ρc, φ is freeze out at φ = 0. For exam-
ple at the big bang nucleosynthesis (BBN), where z ∼ 108 (a ∼ 10−8), we
have ρBBNm ∼ 1024M2PH20 ∼ 1013eV 4, and if ρc < 1013eV 4 the scalar field
settles at φ = 0 in this stage. The requirement that φ be responsible for
the late time Universe acceleration, without affecting BBN, structure for-
mation, and so on, may lead us to assume that the symmetry breaking has
occurred recently. In the symmetron model, this assumption implies a large
mass for the quintessence, giving rise only to a short temporary accelera-
tion [35], which is inconsistent with astrophysical data. This leads people
to add a cosmological constant term to the potential (like V0 in (7)), which
makes the model similar to ΛCDM in cosmological scale. In our model,
if one insists to relate the present acceleration of the Universe to a sym-
metry breaking which happened in the present epoch, then he must take
ǫR0 ∼ µ2, where R0 is the present Ricci scalar. Nowadays, the Universe is
dominated by dark energy ρd, and cold dark matter, such that ρd ≃ 73ρm
and wd ≃ −1, where wd is the dark energy equation of state parameter [59].
Hence 31ǫΩm ∼ µ
2
H20
, where Ωm =
ρm
3M2
P
H20
≃ 0.3. H0 is the present Hubble
parameter. Collecting all together, we deduce that if the present accelera-
tion is due to the symmetry breaking in the present era, then µ
2
H20
∼ 3ǫ. This
is similar to the result obtained in [60] (by replacing ǫ with
M2P
M2
). But in
the nonminimally coupled quintessence model (1), the Universe may experi-
ence both (positive)acceleration and super-acceleration phases [57,58]. The
acceleration occurs when [57](
1− ǫφ
2
M2P
)
ρm − 2V +
(
1
2
− 3ǫ
)
φ˙2 + 3ǫ2Rφ2 + 3ǫφ
dV
dφ
< 0. (31)
For the potential (7), and before the symmetry breaking, i.e. when the mat-
ter is very dense, we have φ = 0, and (31) reduces to ρm − 2V0 < 0. Hence
for V0 > 0, the acceleration may happen before the symmetry breaking. If
we take V0 = 0, the acceleration does not occur in this stage, and the accel-
eration of the Universe requires that ρm < ρc. But how long after ρm = ρc
the acceleration begins, and how long continues, depends on the parame-
ters of the model specially on nonminimal coupling of φ which affects its
evolution [37].
In the end, it is worth to note that, we do not expect to meet instabilities
arisen in neutrino dark energy in the cosmological extension of our model.
In neutrino-dark energy models, when neutrinos become non-relativistic, the
shape of the effective potential changes and the quintessence follows adiabat-
ically the minimum of this potential, giving rise to the Universe acceleration.
The adiabaticity in the non relativistic regime of neutrinos results in instabil-
ities and formation of neutrinos nuggets [61]. These instabilities do not occur
if one discards adiabatic evolution [62]. Our model is quite different from
mass varying neutrino-dark energy model: the change of the quintessence
13
potential, and consequently the symmetry breaking is due to the matter
density (baryonic matter within or outside the astrophysical objects or dark
matter in cosmological scales) and not to the behavior of the neutrinos, so we
can evade from the constraints required by the neutrino-dark energy model
such as the adiabaticity and so on.
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